The paper focuses on the modelling, simulation and control of an electrical miniature actuator integrated in the actuation mechanism of a new morphing wing application. The morphed wing is a portion of an existing regional aircraft wing, its interior consisting of spars, stringers, and ribs, and having a structural rigidity similar to the rigidity of a real aircraft. The upper surface of the wing is a flexible skin, made of composite materials, and optimised in order to fulfill the morphing wing project requirements. In addition, a controllable rigid aileron is attached on the wing. The established architecture of the actuation mechanism uses four similar miniature actuators fixed inside the wing and actuating directly the flexible upper surface of the wing. The actuator was designed in-house, as there is no actuator on the market that could fit directly inside our morphing wing model. It consists of a brushless direct current (BLDC) motor with a gearbox and a screw for pushing and pulling the flexible upper surface of the wing. The electrical motor
and the screw are coupled through a gearing system. Before proceeding with the modelling, the actuator is tested experimentally (stand alone configuration) to ensure that the entire range of the requirements (rated or nominal torque, nominal current, nominal speed, static force, size) would be fulfilled. In order to validate the theoretical, simulation and standalone configuration experimental studies, a bench testing and a wind-tunnel testing of four similar actuators integrated on the real morphing wing model are performed. 
NOMENCLATURE

INTRODUCTION
The idea of changing the wing shape configuration or geometry has been studied since the 19th century. The Wright brothers' aircraft was able to do roll control by changing the twist of its wing using cables actuated directly by the pilot (1) . Currently, there are a lot of morphing aircraft studies, developed by industrial entities or by different universities in their research labs.
Green aviation policies have driven the trend to replace air-driven and hydraulic-type transmission devices by motor-driven equipment (2) . Employing a miniature electrical actuator with an integrated BLDC motor makes it possible to control the shape of an aircraft wing in real time with the morphing wing technique. Thanks to morphing technology, it is possible to optimise wing performance at all flight conditions and for each flight segment.
A brushless direct current (BLDC) motor is a synchronous rotary machine controlled by electronic commutation. Its rotor is a permanent magnet with an integrated position sensor that senses the rotor position. The induced voltage in the motor winding (back EMF) has a trapezoidal waveform. A BLDC motor with its trapezoidal induced voltage waveform has the starting characteristics of a direct current rotary machine (2) . BLDC motors are widely used in aerospace, household appliances, automation and industrial process control. The use of this type of electrical rotary machine is extensive and is growing due to its small size, high efficiency, large torque, long lifetime and low noise, and because it performs commutation electronically. This last feature is particularly interesting for aerospace industries because commutation does not cause any chance of sparks occurrence. BLDCs, therefore offer a high level of safety and reliability in addition to their other advantages.
In 2000, researchers at the University of Stuttgart proposed a new method to develop the morphing concept (3) . Their approach consisted on using of a shock control bump inflated with air, while the objective was to minimise the negative effects of shockwaves in transonic flow.
The numerical results showed a 70% decrease in the wave drag and a 15% decrease in the wing total drag. A comparative study between the drag reduction obtained with the developed approach and with the approach using a higher polynomial contour bump, was performed (3) . Considering aerodynamics and structural requirements, researchers from the Institute for Control Engineering and from the Institute for Aerodynamics and Gas Dynamics in Stuttgart, Germany, used a new approach to design an adaptive shock control bump (4) . In this way, an optimisation method to generate optimal shock control bump contour for a given height and position was developed. The proposed concepts were validated by using a small scale demonstrator (4) . A 10% drag reduction for Mach numbers between 0•72 and 0•77 was found in similar studies developed by the researchers of the DLR German Aerospace Research Establishment (5) . A shape modification concept for transonic wing sections using both MSES (Euler + boundary layer) code and Navier/Stokes code showed an improvement of the lift-to-drag ratio. For the MSES code 15% of the lift-to-drag ratio and 8•3% for the Navier/Stokes improvement was observed (6) . In an overview of the research at NASA Langley research center, analytical and experimental results, plans, potential technology pay-offs, and challenges were discussed in order to develop the enabling technologies to actively and passively control aircraft and rotorcraft vibration and loads using smart devices (7) . Also, in another overview in which NASA morphing program is focusing on multiple disciplinary research for the development of the smart technologies so as to use them for the improvement of the state-of-the-art aircraft systems, research and development pertinent to self-adapting airframe systems, advanced piezoelectric materials, advanced fibre optic sensing techniques have been exposed (8) .
In 2001 Stanewsky presented a summary of flow control methodology and adaptive wing technology, along with a discussion of the aerodynamic contributions to adaptive wing concepts of varying complexity (9) . In 2007, a new principle of morphing was presented based on a dielectric electroactive polymer (EAP) skin using micro fiber composite actuators (10) . Because the EAP skin could not be sufficiently pre-loaded, a rubber skin was used in the experimental testing. In another study developed at University of Virginia in 2003, a cellular metal vertebrate structure which relies on the SMA to achieve fully reversing shape change, when these are combined with flexible face sheets a load bearing morphing panel was developed (11) . In 2006, a researcher from the Aeronautics and Astronautics Department, Purdue University, US, contributed a review of fixed wing aircraft implementing morphing techniques (12) . Various alternatives of morphing aircraft were exposed and discussed, as well as the associated design techniques and fabrication technologies. Also, an analysis of the four basic elements used in a morphing wing structure has been performed: sensors to measure positions, control systems to convert the measurements into an activation signal, actuation mechanisms to provide mechanical motion and precise positioning, and efficient power sources to drive actuation (12) . Recent work in smart materials and adaptive structures is providing researchers the opportunity to investigate how this adaptive structure can be used to morph the aerofoil shape (13) . The most common characteristics of some smart materials used in adaptive structures are listed in Table 1 (13) : the maximum strain (Max. strain) -allowable normalised deformation expressed in percent; the maximum stress (Max. stress) -allowable stress expressed in MPa; the elastic energy density (the potential energy stored in a small volume element upon deformation) expressed in J/g; maximum efficiency (Max. effic.), representing the maximum value of efficiency (determined for specific smart materials as a function of the ratio of recovery stress to yield stress), and expressed in percent; the relative response speed (is the speed reaction of the material when submitted to an external disturbance). Among the materials compared in Table 1 , shape memory alloy (SMA) appears to be a good candidate to use for flexible skin morphing. Among smart materials, SMAs can produce rather large plastic deformations. The design of a new flap architecture using compliant (SMA) ribs for a variable-camber trailing edge was assessed. Upon activation of the SMA, the ribs were able to change the camber's morphology. In addition, a numerical optimisation process, incorporating practical constraints and finite element (FE) analysis were also performed, in order to evaluate the structural design and the aero-structural performance (14, 15) . Another study used SMAs in morphing flap actuation, controlled by robust non-linear controllers. These flaps were fabricated in ultralight scaled models made of balsa wood and nylon sticks, utilising their high strength and low weight characteristics (16) . The use of SMA wires as actuators for wing flaps was submitted to wind-tunnel testing. The trailing edge was morphed by means of six SMA wires that could pull the flap assembly upon electrical activation, while ten springs acted to regain the initial wing configuration when the SMA wires cooled down (17) . A wing prototype with flexible skin made of fibreglass composite and a rubber sheet was manufactured and tested. SMA was used to change the shape of the flexible skin (18) . Torsion bars and SMA wires controlling the roll of a morphing wing model aircraft have been tested in both a wind tunnel and during flight (19) . Also, the SMA behaviour has been modelled according to the model proposed by Liang and Rogers model, simulation results being presented in terms of output displacements and morphed shape (20) . Linear actuators incorporated in statically determinate structure around which a prototype aerofoil has been built, were used for morphing, finally the prototype aerofoil was tested in the wind tunnel to analyse drag reduction.
In 2009, a study investigated and presented an overview of smart material application (21) . The investigation focused essentially on shape memory alloy as actuator in order to change the camber of the aerofoil. Subsequently, an adaptive aerofoil was designed with the aim of changing the camber of the aerofoil during cruise conditions (22) ; different aerofoils shape was predicted with the help of finite element analysis.
Based on results provided by a finite element method (18) , a wing prototype was manufactured with a specially-designed position control for wing trailing-edge deflection (23) . This control system produced a minimum of 5mm trailing-edge deflection. Experimental wind-tunnel tests showed that the lift-to-drag ratio was improved at a very low angle-of-attack variation (cruise conditions) and decreased by increasing the angle-of-attack (23) .
The researchers from the Department of Mechanical Engineering, Temple University, Philadelphia, used smart materials to control the flap setting of a given aircraft (24) . One end of the actuator was attached to the wing box and the other was attached tangentially to a rotating cylinder fixed to the flap. The deflection of the flaps was achieved by arranging the SMA springs in an upper and lower layer. A three-way switch was utilised to apply current to the springs. Depending on how and where the current was applied, the flap's deflection was either upward or downward. Wind-tunnels tests were carried out at the tunnel outlet in order to demonstrate the feasibility of the design concept.
Another project used a camber change to modify the aerofoil shape, based on SMA as actuator (25) . A design optimisation method was used to generate different aerofoil design solutions. The optimisation method utilised the aerodynamic properties of the aerofoil to optimise the design problem and to maximise the lift-to-drag ratio for the aerofoil shape.
The chord wise air collection method was used to implement a laminar flow control over the upper surface of a wing (26) . That method was used to change the transition location moved to a desired location, which was then maintained with the help of a numerical algorithm (27) . Three tasks are involved in moving and maintaining the transition location: keeping the lift and the pitch moment coefficients constant, and wing optimisation by reducing the kinetic energy and drag coefficient (28) . Morphing wing realisation based on maintaining the desired turbulence level over a flat plate equipped with a suction porous panel, was done at Southampton University. The degree of turbulence was evaluated by computing the Root Mean Square (RMS) of the pressure signals (29) . To control the wing shape by modifying its trailing-edge, an actuation mechanism system was designed and tested. The goal of the actuation mechanism was to transmit its rotary motion to the rib aiming to realise the target optimised shape (30, 31) . A control system with the aim to control the shape of a camber trailing edge was proposed in Ref. 32 . A servo motor integrated inside the wing was installed in order to modify the shape changing of the trailing edge when it was actuated. The optimised trailing-edge shape was stored into a database. Through strain sensors installed on the trailing edge the measured shape was reconstructed and compared with the optimised aerofoil shape stored in the database. Two control strategies (open and closed loop) were investigated. An SMA model has been developed in Matlab and simulation has been carried out to control the laminar to turbulent flow transition point towards the trailing edge of the aircraft (33) . A closed loop control based on the fuzzy technique was developed to control the transition point during real time testing in a Canadian project (34) . Also, in the same project, an on-off and proportional-integral controller to morph a flexible skin was designed and tested (35, 36) , and a numerical analysis and the experimental validation of a hybrid controller based on fuzzy logic and a Proportional-Integral-Derivative (PID) algorithm to ensure SMA actuator displacements were performed (37, 38) . PID controller has been used to control the SMA based actuator (see Fig. 1 ) in order to control the laminar to turbulent transition point for drag reduction. Transfer function was developed in Simulink and used to approximate the PID gains using Zeigler Nichols method. The team developed also some adaptive neuro-fuzzy inference system-based controllers for smart material actuator modelling (39, 40) . The controllers were designed to correlate each set of forces and electrical currents applied to the actuators.
LQR control has been used to calculate the optimal aerodynamic forces and the command forces are fed into the fuzzy logic controller that produces required control surface deflection under the preset rules defined by the morphing deflection controller, this work shows a successful tracking of an arbitrary flight path using a hybrid LQR-neuro fuzzy control scheme (41) . Despite the progress in smart materials technology, their high power consumption, requiring a heavy power system, has limited their utilisation in aerospace (35) (36) (37) (38) . To address this issue, a new aerofoil shape-changing concept utilising an electrical actuator was proposed in 2014 (42) . The electrical actuator is a direct current motor. Lightweight actuators are part of the trend in green aviation. Maximising the integration of electrical systems in future aircraft will reduce their weight. Using electrical actuators, such as DC motors, will bring multiple benefits in addition to those gained by morphing, because such actuators are lightweight, can be easily integrated into a system, and need less power than smart materials.
A wing prototype with an integrated actuation mechanism was fabricated and tested at the Ecole de Technologie Superieure in Montreal, Canada. The actuator position was controlled using a cascade control algorithm. Wind-tunnel tests were carried out to verify the predicted aerodynamic response. Figure 2 (a). shows a complete view of the Price-Païdoussis wind tunnel used for those tests (43) , while Fig. 2(b) . shows that the measured pressure coefficient curve (red) is very close to the curve of the predicted coefficients (blue) (42) . The work presented here describes a new morphing wing application developed by using an actuation mechanism based on some miniature high-force in-house developed electrical actuators. In the following sections the paper exposes: (i) the morphing wing project background, including the architecture of the proposed actuation system, (ii) the theoretical analysis of the BLDC motor and its gearbox, contained in the developed electrical actuator; (iii) the actuator control system design (the current controller and the position controller); (iv) experimental results obtained in the morphing wing bench test and wind-tunnel test actuation.
MORPHING PROJECT BACKGROUND
In this research project, realised at the Ecole de Technologie Supérieure in Montréal, Canada in collaboration with Thales, Bombardier Aerospace, École Polytechnique, National Research Council Canada (IAR-NRC), and also with Italian researchers from University of Naples Frederico II, CIRA and Alenia, a wing-aileron prototype is designed, tested and validated using wind-tunnel tests at the National Research Council Canada (IAR-NRC). The project is a multidisciplinary one, the involved entities working together; the research team is divided into three sub-teams covering aerodynamic, structural, and control fields. The project aims to reduce the operating costs for the new generation of aircraft through in-flight fuel economy, and also to improve aircraft performances, expand its flight envelope, replace conventional control surfaces, reduce drag to improve range and reduce vibrations and flutter risk. To achieve these purposes, two particular objectives for our team (Research Laboratory in Active Controls, Avionics and Aeroservoelasticity (LARCASE) of the Ecole de Technologie Supérieure in Montréal, Canada) were established in this project: (1) to detect and visualise airflow characteristics using pressure sensors installed on the upper surface of the morphing wing; and (2) to develop a system for active control of the morphing wing during flight to move the transition point from laminar to turbulent flow closer to the trailing edge, thereby promoting large laminar regions on the wing surface, and thus reducing drag over an operating range of flow conditions univocally defined by mean of Mach numbers, airspeeds, and angles-of-attack.
To be more specific to a real morphing application, the wing used in this project is a full-scaled portion of the wing of a regional aircraft (Fig. 3(a) ), having maximum chord of 1•5m, and a minimum one of 1•08m. It consists of wing spars, ribs and an aileron ( Fig. 3(b) ).
In a preliminary aerodynamic study, 74 optimised aerofoils were calculated by modifying the reference aerofoil for each airflow condition as some combinations between 15 angles-of-attack (-3°, The experimental wing model has three parts: (1) a metal part coming from the original aircraft wing, with unmodified structure, able to sustain the wing loads; (2) a morphing part, consisting of a flexible skin installed on the upper surface of the wing; and (3) an actuated aileron, designed starting from the original one on the aircraft (Fig. 4) . The metal part structure contains four ribs, two at the ends (Rib 1 and Rib 4), and two inside (Rib 2 and Rib 3) having also the role to support the actuators.
The morphing part is actuated by four similar electric actuators, placed on two actuation lines at 32% (Act. #1 and Act. #3), respectively 48% (Act. #2 and Act. #4) from chord (Fig. 4) . For each of the 74 optimised aerofoils resulted four vertical displacements corresponding to the positions of the four actuators (Fig. 5) , stored in a database in order to be used as reference vertical displacements for the control system. Therefore, the morphing shape control is achieved by controlling the actuators' positions.
Two control architectures are planned to be developed: (1) an open loop architecture, controlling the morphing wing system and the aileron deflection angle, and (2) (42) , but, instead of using a mechanical system to convert the rotary motion of the actuator into a vertical displacement, the miniature actuators are fixed directly inside the wing and directly actuate the flexible upper surface of the wing, as shown in Fig. 4 .
The direct actuation architecture, with estimated forces of over 1,300N per actuator, correlated with the small space inside the morphed wing (the wing thickness varies between 10cm and 20cm), and with small maximum displacement (maximum 5mm) imposed serious size/power constraints to the actuators. As there was no actuator on the market that could fit directly inside the morphing wing model and provide the right forces, the project structural team resorted to the manufacture of a dedicated actuator that fulfils these specific requirements. Therefore, the complete electromechanical miniature actuator was designed in-house, by using some components acquired on the market such as the miniature brushless direct current (BLDC) motor.
This approach will be very advantageous for aviation because the developed actuators, presented in this paper, are lightweight and have low power consumption (only 15watts). Because of its small size, this actuator belongs to the category of miniature actuators.
The studies presented in the paper refers to the open loop architecture of the morphing wing, focusing on the modelling, simulation and control of the actuator used in this project to control the wing shape. 
ACTUATOR MODELLING AND SIMULATION
Actuator modelling
An actuator can be defined as a system capable of changing the configuration of another system when it receives a command. The design and simulation are focused on the following parts: the electrical motor, the gearbox, the gearing and the trapezoidal screw. The gearing and the trapezoidal screw are inside the actuator. The electrical motor used by the actuat or is a miniature brushless direct current (BLDC) motor. This type of motor is known for its numerous advantages, including small size and high torque. Today, the tendency is to replace brush direct current motors with this type of motor. Much research and several studies have been done on BLDC theory (44) (45) (46) (47) (48) (49) (50) . The equivalent circuit of a BLDC motor is illustrated in Fig. 6 , while the associated equations are:
. . . (1) . . . (2) . . . (3) where R 1 , R 2 , R 3 are the windings resistances, L 1 , L 2 , L 3 are the windings inductances and E 1 , E 2 , E 3 are the induced voltages (back EMF).
The stator windings of the BLDC motor used in this application are star connected. The motor's neutral point is not accessible, therefore, the phase-to-neutral voltage cannot be measured. The mathematical model proposed in this paper uses line-to-line voltage, defined as the voltage differences between two phase-to-neutral voltages.
Subtracting Equation (1) and (2) yields:
Fig . 6 Motor equivalent circuit 
where . .
. (5)
For Equations (4) and (5), it is assumed that the BLDC motor is a balanced system, which means that the BLDC motor is a symmetrical system (R 1 = R 2 = R 3 and L 1 = L 2 = L 3 ). In a symmetrical system with a neutral point, such as the BLDC motor, the phase currents must satisfy the next equation:
. . . (6) From Equation (6), the current of phase three (i 3 ) is computed as:
. . . (7) By replacing i 3 given by Equation (7) in Equation (5) we obtain:
. . . (8) which can further be written as:
. . . (9) From Equations (4) and (9), the motor phase currents i 1 and i 2 equations are obtained, as follows:
. . . (10) . . . (11) while the current in phase 3 is calculated using Equation (7). When the BLDC motor is operating, the electromagnetic torque on the motor shaft is constant. To keep the torque permanently constant on the shaft, at each phase the electromotive force (back EMF) needs to be synchronised with its counterpart phase current, as indicated on the graph in Fig. 7 . The induced voltage in the winding increases when the mechanical speed becomes higher. The next equation shows how the back EMF (E 1 ) and speed (ω) are related, and is valid for each motor phase:
. . . (12) where K e is the back EMF constant, ω is the mechanical motor speed in radians per second, and θ is the electrical rotor position. The function F(θ) in Equation (12) has a trapezoidal waveform as shown in Fig. 7 , with a maximum amplitude of +1 and a minimum amplitude of -1.
The electrical power absorbed by the motor is transferred to the rotor via the air gap. This transferred power equals the sum of the products of each current and back-EMF of the three phases and is given by equation:
. . . (13) On the other way, the electromagnetic power is given by the equation below:
. . . (14) From Equations (13) and (14), it results:
. . . (15) The electromagnetic torque equals the product of the torque constant and the phase current, and is written as:
. . . (16) where k t is the motor torque constant. The characteristics of the BLDC motor chosen in this application are shown in Table 2 .
Actuator simulation
The equations developed above (Equations (1-16)) were used with Matlab/Simulink to implement the BLDC model. Figure 8 shows the BLDC motor model with its power stage (Inverter). The Matlab/Simulink implementation of Equations (10-11) is presented in Fig. 9 . This represents what occurs in the main part of the second block on the right side of Fig. 8 . The power stage applies voltage to the motor's winding based on the rotor position, which is detected by a low-cost hall sensor integrated in the motor. The commutation sequence used by the power electronics to switch the power device ON and OFF (MOSFET) is presented in Fig. 10 .
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T ki e t = Figure 11 shows the speed and torque waveforms, captured when a nominal load of 24.1•10 -3 N•m is applied at 0•5 seconds. Figure 12 shows the phase current and the back EMF waveforms from the simulated motor model captured when the same load is applied. It is clear that the back EMF and the phase current are well-synchronised.
According to the data from Table 2 , the stall torque, no load speed, nominal speed, no load current, and nominal current parameters at nominal voltage are also achieved with the designed simulation model, thus validating the proposed actuator motor simulation model.
After the numerical validation of the actuator's motor, which is the main part of the actuation system, its model (proposed in Fig. 8 ) is extended to obtain a complete model of the actuator. In order to model the mechanical part of the actuator, consisting of a gearbox, gearing, screw and nut, the motor's gearbox and the gearing ratio need to be assessed. From the design structural constraints, it was assumed that for a 2mm linear displacement of the nut, the screw makes one complete mechanical revolution. A complete mechanical revolution of the screw corresponds to two revolutions of the motor's gearbox shaft. Obviously, the actuator is modelled as an open-loop model. Open-loop (in this case) means that the actuator is powered and its output (position in millimeters) is observed without any control. The next chapter will focus on the actuator's current control as well as its position control. 
ACTUATOR CONTROL DESIGN AND NUMERICAL SIMULATION
Actuator's current control
The implementation of a current loop is useful to protect the actuator's motor against overcurrent. This loop ensures that the electromagnetic torque on the motor shaft is controlled independently of the load. The schematic of the proposed current control loop is shown in Fig. 13 . The reference current generator block generates three reference currents based on the position information from the hall sensor. Depending on the error signal between the reference and the measured current, a pulse with a modulation (PWM) signal is generated. The PWM signal is used as a firing signal for the inverter power devices. The actuator's motor is taken into account because its current is defined by the current in the motor's winding.
The power stage or inverter illustrated in Fig. 8 is extended with the current controller. The hysteresis control law for the current is implemented here because of its simplicity and accuracy. The drawback of this method is the variable switching frequency. The principle of this type of control is illustrated in Fig. 14 (49) . Figure 15 shows the simulation result obtained using this control technique. The current ripples visible in Fig. 15 can be reduced using a combination of a proportional-integral (PI) controller with a saw tooth signal.
Actuator's position control
A BLDC motor can be approximated as a direct current motor with brush when two phases are conducted or excited. This approximation is used to design the actuator's position control. The structure of a BLDC motor is shown in Fig. 16 . Figure 14 . Illustration of the hysteresis control (49) . Figure 15 . Simulation results with current control.
To design the position control, the transfer function θ(s)/U(s) is used. This transfer function is derived from Fig. 16 as follows: . . . (17) and:
. . . (18) From Equation (18) the motor's current yields:
. . . (19) By equalising Equation (19) with Equation (17) it results:
. . . (20) Re-arranging Equation (20) we have:
. . . (21) which, by considering the motor speed in revolution per minute (rpm), can be rewritten as:
. . . (22) From Fig. 16 , we can write:
. . . (23) Therefore, the transfer function (22) becomes:
. . . (24) The structure of the position control closed-loop architecture is presented in Fig. 17 .
The controller used for position tracking is a proportional-derivative (PD) one because the existing integral term (I of the PID) in equation (24) eliminates the steady state error. Among the different available tuning methods (51) (52) (53) , the Ziegler-Nichols method was selected, being simple 
and easy to implement. The root locus (zoomed view around the imaginary axis) of the system defined by Equation (24) is shown in Fig. 18 . From Fig. 18 , the critical gain (K c ) is found to be about 4 and the oscillation period (T c ) of the system output is found to be the inverse of the frequency. Following the tuning rules proposed by Ziegler-Nichols, the coefficients of the PD controller (K p and T d ), defined by the next equation, can be determined:
. . . (25) Figure 19 shows the simulation results obtained with the position controller designed with the Ziegler-Nichols technique. The controller parameters were tuned so that no overshoot occurred. 
MORPHING WING EXPERIMENTAL TEST
To develop the open loop architecture of the morphing wing system, the database of the 74 optimised aerofoils is used. Four vertical deflections (dY 1opt , dY 2opt , dY 3opt , dY 4opt ) are given for each optimised aerofoil. The four displacements characterise the differences between the optimised aerofoil and the reference aerofoil in the four actuation points. In this way, the actuator designed controller should be used to control the actuators' linear positions until the real vertical displacements (dY 1real , dY 2real , dY 3real , dY 4real ) of the morphing skin in the four actuation points equal the desired vertical displacements of the optimised aerofoil (dY 1opt , dY 2opt , dY 3opt , dY 4opt ) corresponding to a flow condition.
The first experimental tests were performed at Ecole de Technologie Supérieure in the LARCASE facility with the physical wing model installed on the bench (Fig. 20) . The architecture of the interface system between the remote computer and experimental model in the morphing wing open-loop control system is shown in Fig. 21 , being made by using a National Instruments Real Time (RT) Target. The control feedback for the morphing actuators is provided by four LVDT sensors having axes parallel to the actuators' axes.
The experimental instrumentation includes: (1) The bench testing was a first experimental validation for the designed controller and its hardware integration architecture, and it simultaneously provided a means to observe the quality of the experimental reproducibility of the theoretical reference and optimised aerofoils. On the other way, the bench testing offers the opportunity to make some adjustments in the mechanical part of the model and some adjustments regarding the LVDT transducers zero positions. When the controller was tested on the bench two steps were performed: (1) Independent testing of the actuators -here was observed if each actuator acting independently can successfully manage the high level forces appearing under the skin morphing; (2) Simultaneous testing of the actuators. For both of these steps in bench test, was asked to the actuators to perform vertical displacements corresponding to the values (dY 1opt , dY 2opt , dY 3opt , dY 4opt ) obtained for each of the 74 optimised aerofoils.
All of the bench test results were very good and proved the proper functioning of the designed control system. For example, view the results obtained for the simultaneous control of the morphing skin actuators in the Mach = 0•15, and attack angle = -1° airflow case (dY 1opt = -2•86mm, dY 2opt = 4mm, dY 3opt = -2•53mm, dY 4opt = 3•53mm, aileron deflection = 5°) presented in Fig. 22 . The desired values for the actuators' vertical displacements (dY 1opt , dY 2opt , dY 3opt , dY 4opt ) were provided by the aerodynamic team of the project as results of the aerodynamic numerical optimisation. These values are used as reference values in the control strategy of this airflow case. The real vertical displacements of the actuators (dY 1real , dY 2real , dY 3real , dY 4real ) are measured by using the LVDT position sensors equipping each actuator. The wing is considered to be optimally morphed in a flow case when the real vertical displacement equal the desired vertical displacements. The four actuators are placed on two actuation lines, at 32% (Act. #1 and Act. #3), respectively 48% (Act. #2 and Act. #4) from chord as was presented in Fig. 4 . Figure 23 confirms also the good functioning of the control system, presenting the responses of the actuation system for various repeated step signals applied as inputs for the actuators. The desired values (dY 1req dY 2req dY 3req dY 4req ) were taken in order to have repeated step signals on all actuators, with positive and negative vertical displacements. From the numerical values obtained for all 74 optimised aerofoil cases, it was observed that the position control absolute error due to plays in the actuators' mechanical systems, when the actuators maintain a desired position, was less than 0•1mm. These plays were fully agreed by booth structural and aerodynamic teams. From the first team point of view, the plays are important to protect the actuators in the wing bending situations, while, from the point of view of the aerodynamic team it is a safe variation because the simulation results for this wing revealed that the airflow transition point position is insensitive at deflections between -0•1mm and 0•1mm around the optimised vertical deflections of the actuators. A static loading test of the fully equipped wing, developed by the structural team, proved that the actuators were not jammed and worked properly.
The next experimental test of the morphing wing system were realised at the IAR-NRC wind tunnel by using the same instrumentation. In this first wind-tunnel test the open loop architecture of the morphing wing control system was evaluated. At this step were tested the control system of the actuators morphing the wing upper surface and the control system for the aileron deflection angle, while the pressure sensors were used just to visualise the transition point position. During this first wind-tunnel test were evaluated all optimised airflows stored in the database. The obtained results confirm the good functioning of the designed control system. Figure 24 presents the wind-tunnel test results for Mach = 0•15, and attack angle = -0•5° airflow case, while Fig. 25 describes the tracking error for all four actuators integrated in the morphing wing actuation mechanism.
Evaluating the obtained tracking errors due to the plays in mechanical parts of the actuators for this flow case resulted absolute values lower than 0•02mm. On the other way, the absolute maximal values of these kind of errors observed during all wind-tunnel tested flow cases sustain the conclusion drawn during the bench tests, being smaller than 0•1 mm. Another pertinent observation is that the actuator response was not drastically affected by the aerodynamic loads produced by the airflow in the wind-tunnel tests. 
CONCLUSIONS
The work presented here described a part of a new morphing wing application developed by using an actuation mechanism based on some miniature high-force in-house developed electrical actuators. This paper illustrated the design, simulation, and control of the miniature linear actuator used in the actuation mechanism of the morphing wing. Designed and manufactured by the structural team of the morphing wing project, the actuator consists of a miniature BLDC motor, a gearing system and a trapezoidal screw. In order to design a control system for the actuator a preliminary modelling step is needed. Therefore, to obtain the overall model of the actuator, a model for the used BLDC motor was first designed. Its numerical validation was conducted by comparing the simulation results with the values from the motor's technical datasheet presented in Table 2 . During the simulations, all parameters were achieved with the designed simulation model, thus validating the model. Further, the model was extended by adding the mechanical components. Once finalised the actuator's model, a hysteresis current controller and a position controller were developed, to control the current in the actuator and to maintain the actuator at a desired position. The controller used for position tracking was a proportional-derivative (PD) one because the existing integral term in the system mathematical model eliminated the steady state error. As tuning method, the Ziegler-Nichols method was selected, and the controller parameters were tuned so that no overshoot occurred.
At the next step four similar actuators were integrated in the actuation mechanism of the morphing wing and experimentally tested. First experimental validation for the designed controller and its hardware integration architecture was performed through bench testing at Ecole de Technologie Supérieure in the LARCASE facility, without wind blowing. Two bench testing steps were performed: (1) Independent testing of the actuators -here was observed if each actuator acting independently can successfully manage the high level forces appearing under the skin morphing; (2) Simultaneous testing of the actuators. For both of these steps in bench test, was asked to the actuators to perform vertical displacements corresponding to the optimised values obtained by the project aerodynamic team for each of the seventy-four optimised aerofoils.
The final experimental test of the open loop controlled morphing wing system were realised at the IAR-NRC wind tunnel. During this wind-tunnel test were evaluated all optimised airflows stored in the database, being tested the control system of the actuators morphing the wing upper surface and the control system for the aileron deflection angle. At this stage, the pressure sensors were used just for aerodynamic reasons, i.e. to visualise the transition point position on the wing.
Both experimental test revealed a very good behaviour of the actuation mechanism. It was observed, also, that the actuators responses were not drastically affected by the aerodynamic loads produced by the airflow in the wind-tunnel tests. From the numerical values obtained in both experimental tests for all tested optimised aerofoil cases, it was observed that the position control absolute error due to plays in actuators' mechanical systems, when the actuators maintain a desired position, was less than 0•1mm. These plays were fully agreed by booth structural and aerodynamic teams implied in the morphing wing project. From the first team point of view, the plays are important to protect the actuators in the wing bending situations, while, from the point of view of the aerodynamic team it is a safe variation because the simulation results for this wing revealed that the airflow transition point position is insensitive at deflections between -0•1mm and 0•1mm around the optimised vertical deflections of the actuators. A static loading test of the fully equipped wing, developed by the structural team, proved that the actuators were not jammed and worked properly.
